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With an increased interest in precision agriculture, it is important to identify efficient ways to
monitor soil moisture. Soil moisture can be monitored using handheld sensors, but this method
is laborious and time consuming. Remote methods, such as radar systems can be used as well,
but these methods require ground truth data to verify their accuracy. It becomes clear that to
collect this data regularly and reliably, a mobile robotic device is necessary. This thesis proposes
to implement mobile robot take soil moisture measurements with less human effort than existing
methods while maintaining the same accuracy. This soil moisture data collection system uses an
unmanned ground vehicle (UGV) to take measurements with position data. This system uses an
actuator inserted soil moisture probe, and a radio frequency identification (RFID) sensing system
that uses buried moisture sensing tags. Field testing of both measurement systems showed that the
actuator-based system worked reliably.
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CHAPTER I
INTRODUCTION

This chapter will provide an introduction to this thesis, beginning with motivations. Following
this is a brief overview of the system, which includes the vehicle, the sensors, and the postprocessing scripts. Finally, the objectives of this thesis will be outlined.

1.1

Motivation
Precision agriculture can be defined as "that kind of agriculture that increases the number of

(correct) decisions per unit area of land per unit time with associated net benefits" [19]. This
involves agriculture principles that seek to increase resource efficiency and yield. Making the
decisions needed to more efficiently use resources requires large amounts of data, but collecting
this data can often be difficult or destructive to the crops. One of the primary conditions that need
to be measured is soil moisture.
The American Meteorological Society defines soil moisture as "The total amount of water,
including water vapor, in an unsaturated soil" [32]. Current common soil moisture sensing
methods include taking core samples, or using probes that must either be buried or inserted by
hand. Another sensing method being explored is using radar to map soil moisture. These systems
provide the fewest interactions with the crops, but their data needs to be validated using existing
methods.
1
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Analyzing core samples is the most accurate method of measuring soil moisture, which involves
weighing samples and drying them to compare their weights before and after the drying process.
This method, known as direct gravimetric analysis, is laborious and requires a sample to be taken
from the farm [15]. Proxy sensing methods can be used to avoid taking these samples, and can be
described as a method of sensing that is performed near the soil. These methods include probes and
other sensors that do not involve the collection of a soil sample [37]. Taking these measurements
is still a long process that leaves substantial room for human error.
To make this data collection process more efficient and robust, a user operated device should
be used to collect and record the data. Using such a device would circumvent the need to insert
a probe in the ground many times over a large area and keep careful notes of the read values. A
collection system could collect data for a longer period of time and keep logs of its measurements
along with metadata such as location and time. This system would allow the operator to take more
measurements in a given period of time with less effort and more accuracy.

1.2

Overview
A full soil moisture data collection system must start with a vehicle. The vehicle must be able

to traverse crop rows without damaging plants, while also being able to carry all sensing equipment
over a non-uniform terrain. A SuperDroid Robots LT2 tracked ATR rover was selected because of
it’s low weight, narrow frame, adequate payload weight, and all-terrain capabilities. This tracked
rover is small enough to be handled by one person and is capable of carrying sensor payloads
across rough terrains. This rover is controlled using a PixHawk flight controller, which receives
commands from the user via a hand controller.
2
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Figure 1.1: Rover with both sensing systems

Two soil moisture sensing systems were included: a contact probe sensor, and a radio frequency
identification (RFID) reader as seen in Figure 1.1. The contact sensing system uses a soil moisture
probe attached to a custom insertion tool that can be triggered by the user. The RFID sensing system
uses an RFID reader to read moisture sensing tags that have been buried periodically throughout
rows. This system continuously scans for tags and will return data when one is read. Data is read
by both sensing systems and is sent via universal asynchronous receiver-transmitter (UART) to an
on-board computer as serial packets. These serial packets are parsed by logging software and the
data is saved with metadata in a log.
After collecting data, the logs are then downloaded from the on-board computer. The PixHawk
also creates logs that are downloaded. Once these logs have been acquired, processing scripts use
global positioning system (GPS) logs from the PixHawk with the metadata from the moisture logs
to relate the collected data to its location. Once the sample data is related to its location, the data
3
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is plotted as an inverted heat map on a satellite image of the measured area. An example of this is
Figure 1.2.

Figure 1.2: Example Soil Moisture Map

This system also offers a cheaper solution than buried soil moisture sensing probes around a
field. Accurate soil moisture probes often cost around $1000, so burying many of these in a field
can quickly become prohibitively expensive. The system described in this thesis costs roughly
$7000, and can cover more area than buried sensors.

1.3

Objectives
The objective of this research is to develop a system that can reliably collect data that will

be used to verify other measurement methods, while also creating a system that can later support
other sensors. This system aims to make manual data collection more reliable and efficient. The
4
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experiments that this systems aims to support will be discussed in Chapter II along with other
similar experiments that will exemplify the relevance of this system. Chapter III will discuss
the hardware and software components of each system, along with detailing the procedures used
in testing and creating a machine observable environment. Chapter IV will discuss problems,
solutions, and the success rate of collecting both the soil moisture data and metadata. Finally,
Chapter V will summarize the findings in designing, testing, and evaluating this system and outline
the future work that will be needed to continue this project.

1.4

Contributions
This thesis explores the use of a UGV to carry proximal soil moisture measurement tools in

order to perform reliable and repeatable experiments. The principle contributions of this thesis
are:
• The use of a UGV to collect proximal soil moisture measurements is demonstrated.
• The use of a soil moisture probe insertion tool to insert probes into the soil rather than the
standard method of burying them is explored. The accuracy of this system is evaluated in
both lab and field conditions. It is concluded that this measurement method is accurate
• Physical limitations of the probe based system are found to include needles of the probe not
completely inserting and soil collecting between the needles. These issues can be solved by
improving the insertion system and using a probe with a different footprint respectively.
• The use of an RFID system using buried moisture sensing tags and a vehicle mounted tag
reader is explored. It was discovered that the tags could not be read reliably through the soil
unless the soil was dry. It is also determined that moisture sensing tags can be eliminated if
power levels are used to determine the moisture content of the soil. This allows for other,
potentially more reliable, tags and readers to be tested in the future. Using such as system
would make experiments faster and measurement locations static.
• It was determined that to collect position and pose data from a flight controller using the
MAVLink protocol, the vehicle cannot be controlled using a hand controller. This is due to
the hand controller and the on-board computer requesting vehicle information appearing as
two ground control stations. This would be solved by giving vehicle control to the on-board
computer.
5
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CHAPTER II
BACKGROUND

This chapter will explore other systems used to collect environmental data. These systems span
from ground vehicle based systems to ones found in automated greenhouses. Many of the ground
vehicle based systems discussed in this chapter do not measure soil moisture, and many of the soil
moisture sensing systems discussed are not ground vehicle based. However, the projects discussed
in this chapter will serve as a foundation for the project discussed in this thesis.

2.1

Precedent in Ground Based Soil Moisture Data Collection Systems
Two measurement methods are currently dominant: collecting core samples or burying soil

moisture probes in static locations. Both of these methods are accurate but have there own
disadvantages. As previously mentioned, collecting core samples can be laborious and time
consuming since it requires both digging up the sample, and processing that sample in a lab. Static
sensors require much less work but can only read data in a single location. Hand inserted soil
moisture sensor are also useful, but require manual insertion over a large area. Moving to remote
or vehicle based collection methods can reduce the work necessary to collect data over a large area.
For nearly 100 years, UGVs have been used for a variety of purposes from scientific missions
such as NASA’s Perseverance rover [22] to the first radio controlled cars destined for battlefields
[40]. They have proven to be immensely valuable and versatile machines, so it is no surprise that
6
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they would be used in agriculture. Rovers have been used in tasks such as seeding, weeding, and
harvesting in environments from orchards to rice paddy fields. These robots can be found in both
indoor, such as greenhouses, and outdoor environments such as fields. For indoor environments,
robots can move around the controlled facility and perform various tasks with the plants, but
outdoor environments are not as controlled and require ground vehicles to navigate [6].
Unmanned ground vehicle systems can employ sensors such as lidar, radar, red-green-blue
(RGB) cameras, and near-infrared (NIR) cameras. One use that has offered some interesting
solutions is plant phenotyping. Phenotyping robots primarily focus on the leaves and stem of
a plant, and employ actuators such as manipulators that can apply gentle contact between the
leaf/stem and sensor. Along with exploring different sensor options, UGVs in agriculture have
begun to incorporate UGV-Unmanned aircraft system (UAS) cooperative systems and swarm
systems [?]. These advancements have potential to greatly further agriculture by providing reliable
and repeatable data collection.
While not an agricultural application, one example of this is a UGV system developed by
the University of Alberta’s Integrated Reliable Oil Sands Systems Laboratory which aims to
characterize oil sands tailings, which is the waste left from bitumen extraction. This system uses an
auger to drill through compacted soil and a hydraulic actuator to push a container into the ground,
collecting a core sample. This container is then switched in a rotary magazine of containers
[25]. This system also uses a Fourier Transform Infrared Radiometer (FTIR) and hyper-spectral
cameras, to estimate water content, hydrocarbon abundance, and mineral properties. The soil is
also characterized by the interactions between the vehicles wheels and the soil. This soil sampling
method necessitates a larger rover with more complex machinery that can only take a few samples.
7
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To characterize a large area, it is necessary to have a system that can measure the soil quickly
without core samples.
The most accurate method of measuring soil moisture is the direct gravimetric method [15],
and a system similar to the one developed by the University of Alberta could significantly ease the
sample collection process. Unfortunately, this method is disruptive and still requires substantial
time to analyze the soil. One easier method is using a soil moisture probe to collect data without
taking a sample. Steven’s Water [39] along with others recommend burying sever of these probes.
Given that these probes cost hundreds of dollars each, this method quickly becomes expensive.
This project proposes that a vehicle can transport one of these probes and collect moisture data by
inserting it into the surface.
Another well studied way of determining soil moisture is to measure the electric permittivity
[36]. The relative permittivity of water is around 80, the relative permittivity of air is 1, and the
relative permittivity of soil particles can range from 3 to 10. As the water content in the soil
increases, so would the soil’s permittivity. A well used model for this is
𝜃 = −5.3 × 10−2 + 2.92 × 10−2 𝜀 𝑎 − 5.5 × 10−4 𝜀 2𝑎 + 4.3 × 10−6 𝜀 3𝑎

(2.1)
3

) and 𝜀 𝑎 is
where 𝜃 is the volumetric soil moisture (VSM) in meters-cubed per meters-cubed ( 𝑚
𝑚3
the soil apparent permittivity, which is unit-less [36]. As the soil apparent permittivity increase,
the wave will slow down in the soil medium, as shown in equation 2.2 where 𝑛 is the refractive
index, the factor by which the waves slows down compared to the speed of light.
√
𝑛 = 𝜀𝑎

8
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(2.2)

One experiment uses WiFi and a buried antenna array to measure the relative time of flight (ToF),
which is then related back to the soil apparent permittivity and VSM. This system begins with
a WiFi transmitter such as a phone that transmits to a burriend antenna array. The antennas on
this arrays are buried at different depths so the ToF to each of them can be compared. Using this
information, the permittivity can be calculated and transmitted back to the transmitter. While this
methods is inexpensive and reliable, it still requires a power source, such as batteries, to be buried
with the antenna [7].
Other experiments have explored using RFID tags to measure soil moisture. This option is
attractive since the installation is simple and the tags do not require an external power source.
One experiment uses SmarTrac’s Dogbone RFID tags [31] to read moisture levels in potted plants.
These tags include a moisture sensor that will measure moisture in the surrounding environment.
These tags are sandwiched in a protective acrylonitrile butadiene styrene (ABS) case, then buried
3 to 5 inches deep. The tags are then read using a Sparkfun Simultaneous RFID Reader [33] which
returns the moisture codes to a microcontroller that uses that data to control irrigation. Using least
squares regression, it was discovered that the 𝑅 2 value with three outlying data points removed
was 0.72 and 0.29 with the outlying data. It was also noted that after reaching a VSM of 31%, the
moisture code value reached 0 and no higher readings could be taken. Furthermore, the reader often
couldn’t read the tag due to the moisture in the soil. Using this same system, 15 tags were installed
on a farm. Water was applied to the field, and the average trend showed a strong correlation between
the water applied and the tag readings, though there were inconsistencies between individual tags
[34].

9
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Another experiment, known as GreenTag, seeks to use RFID tags to measure the phase, return
signal strength (RSS), and required minimum transmission power (MRT) to determine the soil
moisture in a greenhouse setting. As soil moisture increases, MRT increases, RSS decreases, and
phase changes with difference values, but not linearly. It is determined that MRT is the optimal
parameter to sense soil moisture with since it depends on the path between reader and tag rather
than the round trip, meaning it is less sensitive to environmental influences therefore more robust.
Different tags are tested in this experiment but the common requirement was the tags must have a
long working range. This is to mitigate signal attenuation at high soil moisture levels. Two tags
are placed on each pot: one at the top to measure the MRT affected by the environment, and one
at the bottom to measure the MRT affected by the environment and the soil moisture. Calculating
the difference between these two values will return the differential MRT (DMRT) that is solely
affected by the soil moisture. This method was able to achieve an accuracy of over 90%. [38]
UGVs can serve a vital role in agricultural tasks, but the sensors have to be carefully designed
to be both accurate, but cause minimal effects on the area being measured. Performing these
measurements on farms can pose challenges due to the non-uniform nature of both the environment
and the subjects being studied. In addition to this, the conditions can be harsh so equipment must
also be robust. A contact based proxy sensing system must be able to be used in multiple locations
in order to offset the cost of the sensors. These systems must also be non-destructive to the
environment. Contactless proxy sensing systems, such as the aforementioned RFID measurement
systems, must remain small and preferably not require external power. Affordability and easy
installation can allow for many of these sensors to be placed in a farm, resulting in high resolution
maps of soil moisture. These remote proxy sensing methods also allow for quick measurements.
10
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The vehicle system carrying these sensors must also be small enough to traverse crop rows but
rugged enough to handle the terrain.

2.2

Overview of Previous and Concurrent Projects
This project operates within the Mississippi State University (MSU) Information Processing

and Sensing (IMPRESS) lab and is therefore influenced by related projects. This project is designed
as a method of collection ground truth data for a drone based system that uses reflected GPS signals
as a way to sense soil moisture. Early design decisions were influenced by another UGV based
project that measured the forest canopy transmissivity of GPS signals. The rover system used in
the forest canopy transmissivity project was designed in conjunction with the rover system used in
this project, and much of the early vehicle field testing was done in the transmissivity experiments.
This system can be seen in Figure 2.1.

Figure 2.1: Forest Canopy Transmissivity Measurement Rover
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The forest canopy transmissivity measurement system used a SuperDroid Robots LT2 Tracked
ATR platform [28] to transport a GPS receiver and a camera. This rover was driven using a
Hex Cube Flight Controller [27] and all of the sensing equipment was mounted onto a removable
platform to assist in transportation. This rover would map the transmissivity of the forest canopy
using the received GPS signals gathered along the rover’s path [17]. The rover platform used in
these experiments is the same rover platform used in this project, and much of the initial testing
of driving the vehicle with a hand controller was done for the transmissivity experiment. The
system discussed in this project builds from the detachable data collection unit idea by offering
more mounting real estate to make the unit modular.
The signals of opportunity method of soil moisture sensing uses a UAV to collect direct and
GPS signals. This system compares the direct GPS signal, which is assumed to remain constant
in short time periods, to the specularly reflected GPS signal which should differ. These multipath
3

)
effects can be observed in the carrier-to-noise ratio. This value is then converted into VSM ( 𝑚
𝑚3
and is mapped along the drone’s path as shown in Figure 2.2. These experiments were performed
with both a dedicated global navigation satellite system (GNSS) receiver and smartphones. In
mapping the carrier-to-noise ratio, there is an observable difference between measurements taken
over water and land; however, there are more variables involved in characterizing soil moisture
using this metric [16].
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Figure 2.2: Drone Experiment Data [29]

While this UAS based measurement systems are ideal, it requires ground truth data to verify
its accuracy. While this could be accomplished by going to the field and manually measuring soil
moisture, it would be extremely difficult to cover the whole area of the experiment. This project
aims to provide as system that can easily collect this ground truth data for these experiments, along
with providing a platform that can later be fitted with new sensors to verify future experiments.
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CHAPTER III
METHODS

The goal of this chapter is to outline the tools and methodology used in this project. This will
begin with a broad overview of the hardware and software, and will be followed by an in-depth
overview of key components. These key components include the probe and actuator based contact
sensing systems, the RFID based sensing system, and the post processing scripts used to create
maps of the collected data. This system has two main components: the rover and the data collection
unit. Much of this section will focus on the data collection unit, which includes the contact sensing
system, the RFID sensing system, and the on-board computer. The rover system includes the rover
itself and the Pixhawk, which controls and collects data about the vehicle. The full schematic is
seen in Figure 3.1.
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Figure 3.1: Schematic of Rover and Data Collection Unit

3.1

Hardware Overview
The hardware of this system begins with the rover used to transport instruments. This system

was based on the SuperDroid Robots LT2 Tracked ATR platform [28]. The rover was modified to
be charged without battery removal by using SAEJ928 connectors [24] on the rear of the vehicle,
as seen in Figure 3.2. In addition to charging ports, a Drok battery monitor [9] was also added
15
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with the display showing on the front of the rover which was used to monitor the voltage of the
batteries and the current being drawn during use. This is a tracked rover with a water resistant
aluminium body that is driven with two IG52-04 24VDC 082 RPM Gear Motors [30] in a skid
steer configuration. The motors are controlled using a Sabertooth Dual 32A Motor Dtiver [11].
This motor driver is controlled by a Hex Cube (formerly known as Pixhawk 2) Flight controller
[27] which receives commands from a Taranis X9D Plus hand controller [12]. In addition to the
Hex Cube, a Here2 GPS module [26] is used to collect GPS information throughout experiments.
The Pixhawk and Here2 were chosen since they are both used across the lab for drone experiments.
The rover was chosen for it’s all terrain capabilities and its ability to be customized. This rover
model has a simple construction and the Sabertooth motor driver can directly interface with the
Hex Cube flight controller.

Figure 3.2: SuperDroid Robots LT2 Tracked ATR

The next component of the hardware system is the data collection unit. This is a custom made
device that attaches to the top of the rover using posts and flanges. This allows the data collection
unit to be removed easily and allows for different data collection units to be attached in the future.
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The data collection unit has three components: the contact sensing system, the RFID sensing
system, and the central computer. These components are all mounted onto a T-Slot [3] based
platform, seen in Figure 3.3, that was designed to be modular so changes could be made easily.

Figure 3.3: Data Collection Unit Frame

The contact sensing system starts with the Stevens Water Hydra Probe [39] soil moisture sensor.
This sensor is mounted to a feedback linear actuator [5] which uses a potentiometer to monitor
the current position of the stroke. The Steven’s Water probe was chosen for it’s accuracy and
small footprint. Initially a TEROS 12 sensor was chosen for the soil moisture sensor; however,
had trouble achieving a complete insertion on uneven ground. [13] This insertion issue is due to
the rectangular shape of the sensors body, which results in more area the sensor covers. Despite
these difficulties, the TEROS 12 sensor is cheaper than the Hydra Probe and while maintaining
3

3

3

comparable accuracy (±0.03 𝑚
vs. ±0.01 𝑚
to 0.03 𝑚
respectively). This linear actuator has a 6
𝑚3
𝑚3
𝑚3
inch stroke and can handle a 50 pound dynamic load. The probe is mounted to the actuator using
a custom PVC mounting solution. This insertion system can be seen in Figure 3.4a below.
17
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(a) Insertion Tool with Hydra Probe

(b) Insertion Tool with TEROS 12 Probe

Figure 3.4: Soil Moisture Probe Insertion System

Both the actuator and probe are controlled by a custom control board, seen in Figure 3.5. This
board is an Arduino shield that is designed for an Arduino Uno [4]. This board is populated
with 2 G5LE-14 DC12 relays [8] used to control power to the actuator, an ACS712ELCTR-05B-T
current sensor [20] used to monitor force exerted by the actuator, and indicator LEDs. Both the
actuator and the probe are connected to this board and both are powered from a 12 V source that is
connected to the control board by a barrel plug. The actuator connects to the board using a Molex
6-pin Mini-Fit Jr. connector [21] and the probe connects using screw terminals. The Arduino
communicates with the data collection unit central computer using universal serial bus (USB)
and a single digital pin. Originally the control board was a single board that used an on board
ATMEGA328p microcontroller and communicated with the Jetson using an USB to serial cable.
This original board is shown in Figure 3.6. This board would randomly reset the ATMEGA328p
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due to a combination of a noisy ground due to a improperly wired voltage regulator and a missing
pull-up resistor on the reset pin. Switching to a shield provided an easy solution to these issues.

Figure 3.5: Contact Control Shield (58.42 mm x 101.6 mm)

Figure 3.6: Contact Control Board (83.82 mm x 111.51 mm)
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The RFID system has two main components: the moisture sensing tags and the RFID tag reader.
The tag is the SMARTTRAC Sensor DogBone RFID Tag, which uses the RFMicron Magnus S IC
[31]. This tag was designed to measure moisture levels in a surrounding environment and sends
moisture codes back in it’s electronic product code (EPC) data. These adhesive tags are attached
to a polylactic acid (PLA) backing that is 3D printed in sheets. This backing is there to ensure the
tag does not bend or fold during installation. These tags are placed in pairs throughout the field.
Every 5 meters, a pair is buried and each pair consists of one in the crop row and one in the valley
between rows. These pairs are marked with flags as seen in Figure 3.7b.

(a) RFID Antenna Mounted to Data Collection Unit

(b) RFID Tag Marker Flag

Figure 3.7: RFID Reader on Rover and Tag Location Marker

A SparkFun M6E Nano Simultaneous RFID Tag Reader [33], seen in Figure 3.8, is used to read
these tags. This reader is built as an Arduino shield compatable with and Arduino Uno [4], but it
must be powered using an external power source since the current necessary to power the reader
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exceeds the current that USB can supply. This reader was chosen for it’s low cost and ability to read
multiple tags simultaneously. This reader uses an Alien ALR-8698 RFID Antenna [2] Which is
placed on the front of the data collection unit, as shown in Figure 3.7a. The RFID reader Arduino
communicates to the data collection unit central computer using USB.

Figure 3.8: RFID Reader in Data Collection Unit

Finally, the central computer of the data collection unit is an NIVDIA Jetson TX2 Developer
board [23]. This board communicates with the Pixhawk, contact sensing control board, and the
RFID reader via USB. A Pixhawk auxilliary output is also connected to a digital input pin on the
Jetson. This is to monitor triggers from the hand controller. The TX2 developer board was chosen
because of it computational power and the variety in I/O. The expanded I/O options allows for a
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variety of sensors and actuators to be added in the future, and the system is powerful enough to
support future experiments exploring system autonomy. All the electronics of the data collection
unit are shown in Figure 3.9.

Figure 3.9: Data Collection Unit

In addition to the rover and data collection unit, a first person view (FPV) camera system was
included. This system was included to help drive during the heat of the day, allowing the driver
to stay in the shade. This system uses two ZOSO outdoor cameras [41] to see both in front of the
rover and the area the probe is inserted, which can be seen in Figure 3.10. These cameras and the
video output of the Jetson go to a 3 way video switch [35], the output of which goes to an FPV
transmitter [1]. The FPV transmitter sends the signal to the FPV receiver which outputs the video
to a screen as seen in Figure 3.11. The video can be switch using the hand controller by sending
signals from the Pixhawk.
22
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Figure 3.10: External Cameras for FPV Control

Figure 3.11: FPV System in Use

3.2

Software Overview
The Arduino of each sensing system is loaded with firmware that will collect data and send it

to the Jetson in an easily parsable packet. This data is read and parsed by logging software that
launched when the Jetson boots. The logging software constantly monitors the serial lines for
incoming data and uses digital pulses from the Pixhawk to trigger a contact sensing measurement.
The logger also uses GPS and internal measurement unit (IMU) data from the Pixhawk to log
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metadata along with the measurement taken. The GPS and IMU data is collected using the Dronekit
Python Library. The collected packets from the contact sensing board and RFID reader are logged
with metadata captured from the time of data reception and saved in comma separated value (CSV)
files. After an experiment, FileZilla is used to pull the logs from data collection unit. GPS exchange
format (GPX) logs are also collected from the Pixhawk after an experiment. A combination of
Python and MATLAB scripts are used to match the measurement time logged in the data log to
the global position at the closest time found in the GPX log. Once the times are matched, the data
is matched to the global position it was taken at along with the time of measurement. Initially, the
vehicle’s GPS coordinates where directly logged with the data, but the vehicle data gathered from
the Dronekit vehicle object would stop updating during field experiments. To overcome this, the
initial time is taken from the GPS information and the run time of the logger is added to this initial
time to track the real time of the measurements. The data is then plotted on a satellite image where
the experiment was performed using MATLAB’s geoscatter [18] plotting function. Once the data
is mapped by location, the moisture is represented by the color of the data point.

3.3

Contact Sensing System
To implement a remote controllable contact sensing system, an insertion device must first be

created. The insertion device in this system uses a linear actuator with potentiometer feedback.
The Steven’s Water probe is attached to the actuator using a custom mount made from polyvinyl
chloride (PVC) pipe fittings. Using this actuator allows for monitoring of the position in the
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Figure 3.12: Logging Software Main Loop

actuators stroke so the stroke length can be adjusted with software. This is easily done since the
potentiometer will follow this linear equation

𝑉𝑝𝑜𝑡 = 𝑙 𝑠𝑡𝑟𝑜𝑘𝑒 0.4329

𝑉
+ 0.2344𝑉
𝑖𝑛.
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(3.1)

where 𝑙 𝑠𝑡𝑟𝑜𝑘𝑒 is the extension length of the actuator in amps and 𝑉𝑝𝑜𝑡 is the potentiometer voltage
in volts. Since this actuator uses a brushed 12 V DC motor, the current draw of the actuator
can be monitored so the maximum force exerted by the actuator can be limited by software. The
ACS712ELCTR-05B-T outputs a analog voltage that corresponds to the current passing through
the sensor. The current can be found using the following equation
𝑉𝑜𝑢𝑡 = 𝐼𝑖𝑛 0.185

𝑉
+ 2.5𝑉
𝐴

(3.2)

where 𝐼𝑖𝑛 is the current passing through the sensor in amps and 𝑉𝑜𝑢𝑡 is the analog output voltage
in volts. In the case of this board, the current is negative as the actuator extends. The force of the
actuator is based off the torque of the motor which as a proportional relationship to the current.
The relationship between torque and current is given by the following equation
(3.3)

𝑇 = 𝐼𝑎 𝑘 𝑇

where 𝑇 is total torque in Newton-meter, 𝐼𝑎 is the current through the armature in amps, and 𝑘 𝑇 is
the torque constant of the motor and has the unit

𝑁·𝑚
𝐴 .

It was not necessary to calculate this because

the relationship between force and current was provided by the manufacturer of the actuator. These
sensors were included to provide feedback that will prevent damaging the soil moisture sensor. An
example of an ideal insertion can be seen in Figure 3.13 below.
The sensor itself was chosen because it was accurate and did not require an in-depth calibration
procedure. Like many other soil moisture sensors, the Hydra Probe uses the SDI-12 interface [14]
which is a serial communications interface that is common in environmental sensors. This interface
powers and communicates with a sensor bus. When commands are sent, they are sent with the
sensor address that the message is meant for. For the control board to communicate with the Hydra
26
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Figure 3.13: Fully Inserted Probe

Probe, the Arduino must send it SDI-12 compliant commands. The control board follows the logic
in Figure 3.14 to manipulate and communicate with the probe. A common issue is wet soil will
sometimes stick to the probe after insertion, which will inhibit full insertion on the next attempt.
This necessitates cleaning the probe after measurements. The TEROS 12 probe, seen in Figure
3.4b does not suffer from this issue, providing another reason to transition back to this probe in the
future.
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Figure 3.14: Contact Sensing Measurement Control

When the Arduino sends SDI-12 commands, it uses one of it’s digital I/O pins to act as a
data pin. When data is sent back from the sensor, the Arduino constructs the serial data from
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that pin to strings. These strings are packetized and sent out of the Arduino’s serial port to the
central computer. When these packets arrive, they are parsed and logged into CSV files along
with metadata such as time. These logs can later be processed along with the GPX logs from the
Pixhawk in order to map the collected data to global locations.
The measurement strategy for this system is to take 4 measurements every 5 meters. This
5 meter separation was chosen to match the spatial resolution of the data gather in the UAV
experiments performed in the same field. In each measurement area 2 measurements are taken on
the crop row near the vegetation, and 2 measurements are taken in the valley between the rows.
This provides measurements across the different elevation extremes found in the measurement area.

3.4

RFID Sensing System
In order to use moisture sensing RFID tags to sense soil moisture, these tags must be buried.

In order to actually find the tags in the field, the RFID tag reader must be constantly scanning
when in the measurement area. Similar to the contact sensing measurement strategy, the RFID
measurement areas are found every 5 meters in the rows, and are the same measurement areas used
in the contact sensing experiments. The measurement areas are marked with yellow marker flags
that have the ID of the tags buried there written on them. Each tag has a unique identification code
saved in its memory, which is returned when the tag is read. These IDs are saved to the tag before
burial and are also written on the PLA backing they are adhered to. These ID codes can be used
as another method of tracking where the measurements took place. These PLA backings are 100
mm by 30 mm. A tag on a PLA backing is shown in Figure 3.15
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Figure 3.15: RFID Tag (30 mm x 100 mm)

Along with unique ID codes, other values such as the moisture code, read frequency, and
returned signal strength are returned when the tag is read. The moisture codes are codes spanning
from 0 to 35 that decrease as moisture increases. Therefore, an extremely dry soil would have a
value close to 35 and a wet soil would have a value closer to 0. When a tag is read by the reader,
the values in the read memory blocks are assigned to the appropriate values. These values are
then packetized and sent to the Jetson via USB. The logging software on the Jetson is constantly
looking for incoming data. When these packets arrive, they are parsed and logged into CSV files
along with metadata such as time. These logs can later be processed along with the GPX logs from
the Pixhawk in order to map the collected data to global locations.
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Moisture code values returned from the tag are first converted to the apparent permittivity
value using an equation that was developed empirically in the previously discussed experiment
from Oregon State University [34]. This equation, which can be seen below, was developed using
a least squares regression when comparing RFID moisture codes to apparent permittivity.
𝜀 𝑎 = −0.6977𝑥 + 20.52

(3.4)

Where the moisture code is substituted for 𝑥. The variables 𝜀 𝑎 and 𝑥 are both unit-less. Once the
permittivity is calculated, it can be used to calculate VSM using the Topps equation (Eq. 2.1).
This allows a range of measurements between 0% and 35%, but at higher VSM values it will
become difficult to read the tags. The calculations that convert the tag values are performed in post
processing. Moisture codes, return signal strength indication, and frequency are all saved in logs;
giving multiple options extracting soil moisture data as different models are developed.

3.5

Post-Experiment Processing
Once these experiments are complete, it is necessary to process the data logs to produce maps.

The preferred method of getting the data from the data collection unit is to retrieve it using FileZilla.
The GPX logs must also be downloaded from the Pixhawk using Ardupilot’s software Mission
Planner. Once the GPX log and data logs are downloaded it is time to process the data. A Python
script is used to parse the GPX files and save the desired values to a CSV file. This file is then
loaded into MATLAB script that loads the data log and matches the data and measurement time to
the closest time and location on in the GPX log. The GPX file was originally parsed by MATLAB,
but this function did not return the time information and did not work in version 2021A. The Python
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library gpx-parser worked more consistently and provided more control over which values were
extracted from the GPX logs.
The measurement data is mapped to the latitude and longitude coordinates the vehicle was at
during the closest time to measurement. The data points are then plotted to a satellite image of the
area of the experiment and each data point changes color depending on the soil moisture value of
the measurement taken at that location. This processing scripts is outline in Figure 3.16. This time
matching technique is necessary due to dronekit’s vehicle object not updating vehicle parameters
reliably.
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Figure 3.16: Data Processing Flow
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CHAPTER IV
IMPLEMENTATION

The goal of this chapter is to discuss the results of both field and lab experiments. First,
reasoning behind the methods used to verify the sensor’s accuracy will be explained. Following
this, the testing procedures will be outlined and their results will be discussed. Finally, the field
performance of both the rover and measurement tools will be discussed.

4.1

Testing Procedures
A manual probe insertion tool, seen in Figure 4.1, was developed in order to test the accuracy

of field measurements. The manual insertion tool uses a Theta Probe ML3 soil moisture probe and
reader tool[10]. The probe is attached to the end of a PVC extrusion and the reader is mounted to
a platform at the top of the extrusion. With the reader on the platform is a Pixhawk [27] and both
are held to the platform with Velcro. The reader will save the measurement and time of reading
while the Pixhawk will log the time and position. These measurements are processed similarly to
the rover data by matching the measurement to it closed location at that time. The data from the
manual probe is mapped identically to the rover data so that both are easily comparable. Examples
of maps from manual probe data are Figures 1.2 and 4.2.
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Figure 4.1: Manual Probed Used in Cotton Field

Figure 4.2: VSM Map Gathered with Manual Probe Tool

35
DISTRIBUTION A. Approved for public release; distribution unlimited.

In order to verify the data from the rover contact sensing system, both the TEROS 12 [13] and
Hydra Probe [39] measurements will be compared to VSM measurements gathered by gravimetric
analysis. Since both probes are intended to be buried before use, it is possible that measurement
errors may occur. Comparing the measured data from the probes to the measured data from
gravimetric analysis will show any inaccuracies caused by the abnormal use of the probes. It can
also show if there is any predictable difference that can be anticipated and accounted for in later
experiments.
Similar to the accuracy testing needed to verify probe measurements, the RFID system must
undergo such testing. Rather than only measuring VSM by gravimetric analysis, the TEROS 12
will be used to read the apparent permittivity (𝜀 𝑎 ) of the soil. The apparent permittivity can later be
used, along with RSSI and moisture codes returned by the tags, to create an empirical model. After
measurements are taken, gravimetric analysis can be used to measure VSM. The VSM measured
by gravimetric analysis can be compared to the VSM calculated by the empirical model and Topp’s
equation [36]. This experiment aims to create a model that use the tags to accurately measure
VSM.

4.2

Tool Accuracy
As stated previously, the accuracy of both the Hydra Probe and the TEROS 12 must be verified.

The first step of this process is to collect soil from the farm where the experiments are conducted.
This is done to ensure that the soil being used for accuracy testing is the same soil being measured
during experiments. Once the soil is collect, it must be dried in an oven until the VSM is at or
near 0. A soil container for to use during accuracy testing must be selected and weighed. This
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experiment will use a seal-able plastic cup. This was chosen so water could not evaporate in
between tests if the tests could no be completed in one day. The soil is put into the container and
its volume must then be measured. The sensors will take 50 measurements of the dry soil and then
will be removed. An amount of water will be added to the soil in order to increase VSM by 6.25%,
the soil will be mixed, and then the sensor will be inserted and 50 measurements will be taken.
The soil will be weighed and dried in order to find the VSM gravimetrically. This will be repeated
until the soil is saturated.

Figure 4.3: Soil Moisture Probe Results Compared to Gravimetric
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Both soil moisture probes tested had promising results. The values collected from each sensor
were compared to the gravimetric soil moisture content as seen in Figure 4.3, which shows some
variations between the sensors and the gravimetric values. Linear regression was used to create a
fitted line for each sensor, and these lines can be seen in Figure 4.4.

Figure 4.4: Soil Moisture Probe Accuracy Results Before Correction
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The fitted lines can be used to find the optimal changes to the measured values from the sensor.
The sensor values are offset and scaled by a multiplier until the lines are close to the gravimetric
line, as seen in Figure 4.5. The changes for each sensor can be seen in the following equations.
𝜃𝑇 𝐸 𝑅𝑂𝑆𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝜃𝑇 𝐸 𝑅𝑂𝑆 + 0.03

(4.1)

𝜃 𝐻𝑦𝑑𝑟𝑎𝑃𝑟𝑜𝑏𝑒𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 0.714(𝜃 𝐻𝑦𝑑𝑟𝑎𝑃𝑟𝑜𝑏𝑒 − 0.05)

(4.2)

The first linear regression performed for the TEROS 12 resulted in an 𝑅 2 value of 0.8296 and
a root mean-square error (RMSE) of 0.1151. The first linear regression performed for the Hydra
Probe resulted in an 𝑅 2 value of 0.9151 and an RMSE 0.0995. After applying the corrections to the
sensor readings, another linear regression was performed to evaluate the effect of the corrections.
The second linear regression performed for the TEROS 12 resulted in an 𝑅 2 value of 0.9109 and
a (RMSE) of 0.0322. The first second regression performed for the Hydra Probe resulted in an 𝑅 2
value of 0.9578 and an RMSE 0.0345.
When applying these changes to the sensor values, the maximum difference between a sensor
value and gravimetric value decreased from approximately 15% to 5%. Since these sensor are
designed to be buried rather than inserted into the ground, a decrease from the advertised accuracy
of 1% to 3% was expected. These tests were done using the general calibration settings provided
with both sensors. Both sensors allow for custom calibrations.
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Figure 4.5: Soil Moisture Probe Accuracy Results After Correction

Two probes were tested in the field: the Hydra Probe and the TEROS 12. The TEROS 12
was the original probe chosen for the system, but it often failed to achieve a full insertion. It was
observed that as more of the probe’s needles were exposed to air, the lower to VSM reading would
be. This means that to get an accurate reading, all needles on the probe must be completely
inserted into the soil. Uneven features on the ground, notably the slopes on each side of the row,
would cause difficulties achieving a full insertion. The actuator would cause the probe to rotate,
and since the TEROS 12 has a rectangular footprint the longer side would sometimes rotate toward
40
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the slope making a full insertion impossible. The Hydra Probe has a smaller circular footprint, so
rotations would not affect its insertion. Abnormally dry areas on soil moisture maps are due to
these imperfect insertions.
Despite insertion difficulties, the contact sensing system was able to successfully produce a
map showing VSM across 15 rows. The data shown on this map was collected on August 25th
and August 27th 2021. There was no rain between these dates so the change in soil moisture is
expected to be minimal. The map of these experiments can be seen in Figure 4.6

Figure 4.6: Contact Sensing VSM Map

The RFID system will be tested similarly to contact sensing probes, but with some changes. A
volume of dry dirt will be added to a weighed plastic container. In addition to the box, an RFID tag
weighed and then buried 5 cm deep into the soil. An RFID tag will also be placed above the surface
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of the soil. The RFID reader will then read the tags, logging their moisture code and RSSI values.
The soil apparent permittivity will then be calculated from the VSM. Once these values have been
read 50 times, the buried tag and sensor will be removed. An amount of water will be added to
the soil in order to increase VSM by 6.25%, the soil will be mixed, and the tags and sensor will
be reinstalled. Once the tag is reinstalled, the previous step will be repeated until saturation. The
RSSI values from both tags will be used to calculate a differential RSSI. The differential values
are calculated to mitigate environmental effects on the tags. Once these values are calculated, they
and the moisture codes will be plotted as a scatter plot versus the apparent permittivity. Using
linear regression, each metric will be evaluated to see which can best represent the soil apparent
permittivity. The model evaluated here can be used to calculate VSM which will be compared to
the values found using gravimetric analysis.

Figure 4.7: RFID Accuracy Test Setup
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The RFID system proved to be unreliable during testing. At an VSM of roughly 20.7%, it
became impossible to read the tag. This made accuracy testing futile since field use of this sensor
would result in the same issue. Furthermore, at approximately 16% VSM, values read from the tags
and gathered by the reader became inconsistent, which can be seen in Figure 4.8. From observing
this figure, it can be deduced that frequency is not a good indicator of VSM, but RSSI and moisutre
codes may be if reliable readings could be gathered at higher VSM values. It is possible that
different tags and a higher quality reader could be used to gather RSSI information more reliably
in the future.

Figure 4.8: RFID Test Data - Parameter Comparison Between Above and Below Ground

The RFID system did not perform as well in the field as the contact sensing system. The summer
these experiments were performed in was rainy and this resulted in most tests being performed on
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wet soil. The water content in the soil resulted in much of the RFID signals being attenuated before
it could complete its round trip. On two separate days, the RFID reader was tested on two rows.
On the first day only 15% of the tags were read on one row and 10% were read on the other. On
the following test 25% of the tags were read on both rows. These VSM values are higher than the
ones found in accuracy testing because these are uncorrected probe results, which trend to higher
values. When comparing the average read success of the tags with the average VSM of the row,
a relationship can be found. This relationship has been visualized in Figure 4.9 below. While the
results of these tests are not promising, the problem with reading the tags has been identified.

Figure 4.9: Percentage of Tags Read Compared to VSM
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4.3

Rover Field Performance
There were several issues the original design had that were brought to light by field use. One of

the most notable of these was an issue was the inability to receive up-to-date vehicle information
from Dronekit. The system originally pulled both time and position information from the Pixhawk,
but this would only work for a limited period of time before these parameters would stop updating.
It is believed that this problem was due to using both Dronekit and a hand controller since this
would appear as two ground stations to the Pixhawk. The answer to this problem was to get a
timestamp from the Pixhawk when the logging software boots, then adding the runtime of the
logger to this initial time to calculate the current time. Driving the rover from the data control unit
computer would allow for up to date information to be collected from the Pixhawk.
In earlier experiments, the contact sensing system sometimes had difficulties inserting the probe
fully due to uneven ground. The uneven ground came in the form of tire tracks and the slopes on
each side of the row. To account for uneven ground, an aluminium plate was placed in front of the
probe that was used to scrape the ground. This scraping blade successfully flattened the ground
in front of probe, but the hardware holding the blade on would begin to loosen during use and the
blade would sometimes block the probe from the soil. Since heavy rains flattened the ground not
long after installing the blade, it was removed. Use in future seasons would likely necessitate the
use of this scraping blade, but its construction would need to be improved before then.
Another change was from a rover using using a 136 RPM gear motor to one using a 82 RPM
motor. The rover body and motor type remained the same, but the motor gearing changed. The
rover had difficulties turning in on the soil and needed more torque to push the ground scraping
blade. While this made the rover slower, it greatly improved its driving performance in the field.
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In later experiments, weeds prohibited driving in certain rows. An ideal condition can be seen
in Figure 4.10a, where there is little vegetation down the row. The first several rows of the field fell
into this category, likely due to higher foot traffic. More vegetation could be found several rows in,
which can be seen in Figure 4.10b. The rover could still drive in these conditions, but there was a
risk of bending the needles on the soil moisture probe or breaking its mount on the linear actuator.
The last 15 out of the 30 rows had dense vegetation, which can be seen in Figure 4.10c below. The
rover could not safely drive through these rows. Not only did it pose a risk to some equipment, but
this dense vegetation also prohibited the rover from driving at all. Some weeds even neared 1 inch
in diameter. Due to this, the last half of the field was not measured.
The long, rectangular footprint of the TEROS 12 caused insertion issues in earlier experiments
so the Hydra Probe was later used. While using this probe resulted in more successful insertions,
it often experienced a problem with soil collecting between the needles after an insertion into wet
soil. The high clay content of the soil combined with the close placement of the probes needles
caused this problem to occur after most insertions. The easiest solution to this problem is to
transition back to the TEROS 12 probe which rarely suffered from this issue since its needles have
substantially more space between them. To effectively use the TEROS 12, a different probe mount
would need to be designed to prevent rotations. And example of the soil clumping issue can be
seen in Figure 4.11.
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(a) Corn Row with No Weeds

(b) Corn Row with Some Weeds

(c) Corn Row with Many Weeds
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Figure 4.11: Soil Stuck in Hydra Probe
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CHAPTER V
CONCLUSIONS AND FUTURE WORK

This chapter seeks to conclude this study by further discussing the results and future work.
Discussion of results evaluates the performance of all systems during both field and lab experiments,
and explores the reasons behind various shortcomings. Future work outlines changes that could
be made to the system to improve its performance. These changes span from hardware changes to
different driving methods.

5.1

Summary of Study
The aim of this project was to create a UGV based system that could collect soil moisture data

along with metadata that could be used to create maps of the measured area. To do this, current
soil moisture sensing techniques had to be evaluated and integrated with a UGV. Using rovers
in agriculture research is a common approach and substantial research has gone into current soil
moisture sensing techniques. Concurrent UAV experiments were considered so that data from this
project could be used to collect ground truth data for future experiments.
Many soil sensing techniques, some vehicle based and others not, were considered when
designing this project. This project focused heavily on the sensor subsystems and their respective
logging software along with the post experiment processing of this data. This project was primarily
based on hardware, with key software to integrate sensor subsystems within the data collection
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unit. The vehicle and data collection unit subsystems were tested together to evaluate their success
in performing accurate and repeatable measurements.

5.2

Discussion of Results
Since the system is UGV based, the performance of the rover must first be evaluated. Early

experiments with the lower torque rover experienced some minor difficulties when driving the in
the field. This normally only happened when turning, which is due to the rover being a skid steer.
This problem was fixed by transitioning to the higher torque model of the rover. During another
test, a roller chain that was used to drive one of the tracks snapped. This was likely due to poor
maintenance practices such as not lubricating the chain often enough. Other than these issues, no
other issues occurred with the vehicle itself.
While testing the sensing systems and the data control unit itself, several issues were encountered. It was discovered that after several experiments, dronekit was not receiving up-to-date
time and position data from the Pixhawk. This issue was eventually circumvented by collecting
a timestamp from the Pixhawk on startup and calculating a current time by adding the logging
software run-time to the initial timestamp. To actually fix this issue, it would likely be necessary
to no longer use a hand controller or to install another GPS receiver. The time correlation method
used in mapping data to geodetic coordinates was extremely successful since the position update
rate in the Pixhawk is substantially higher than the measurement rate.
The contact sensing system underwent some significant modifications since its initial testing.
The first major modification that the system underwent was the change from the contact sensing
board to the contact sensing shield. The original board was the first version of the circuit and
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suffered from both a noisy ground and a noisy reset pin. This would cause the microcontroller to
reset randomly causing the logger to create a new log file. Once the contact shield was installed
this problem ceased, but a new version of the contact board should be used in later experiments to
allow for more features to be included. The other substantial change that needed to be implemented
was changing from the TEROS 12 to the Hydra Probe. This needed to be done to mitigate a high
number of imperfect insertions that were due to the shape of the TEROS 12. Once this was done,
successful tests were performed with this equipment. Field experiments were performed with the
Hydra Probe, which after adjusting readings from the sensor, was found to be accurate within 5%
gravimetric measurements. The TEROS 12 probe was also found to be this accurate and both
systems can use custom calibrations in the future. Both sensors provide a viable means for soil
moisture sensing.
The RFID sensing system did not read an adequate number tags in the field. The highest number
of tags read was 25% at around 25% VSM, which is not high enough to make this option feasible
in its current configuration. Results from the accuracy testing experiments further highlighted the
shortcomings of the current RFID system. The system was not able to reliably collect any data
that could be used to model VSM; however, using higher quality equipment may mitigate these
issues. Future RFID tag choices do not need to include moisture sensors since RSSI and MRT
measurements should be adequate to model soil moisture if they can be reliably collected.
The primary objective of this system was to collect soil moisture data more efficiently and
reliably than existing methods. Evaluating the results of the accuracy and field tests shows that
the contact sensing system offers a means of measuring VSM. This method is currently not as
reliable or efficient than the manual probe developed for testing. However, adjustments in the
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contact sensing system would change this. In addition to the potential for increased efficiency from
improving the contact sensing system, creating a reliable and accurate RFID sensing system would
result in an extremely efficient and accurate VSM sensing platform.

5.3

Future Work
The performance of this system could be improved by changing several of the existing systems.

The Hydra Probe sensor is accurate and has preferable footprint shape, the issue of soil sticking
between the needles causes an inordinate amount of work. This issue could be resolved by changing
back to the TEROS 12 sensor, and the rotation issue caused by the actuator could be fix by changing
from the current actuator to a slide table style actuator. Trigger commands could be sent to the
contact sensing control shield or board by serial rather than a rising edge signal to eliminate
unnecessary hardware. Serial control of this system could also allow values like the stroke limit
and current limit to be set by software.
The RFID system could transition to new long range tags that do not have additional sensors on
them. This in addition to a more powerful reader could overcome the signal attenuation in wet soil.
The moisture codes also return coarse measurements, and finer readings may be calculated by the
relationship between MRT and soil apparent permittivity. If such changes made the RFID sensing
an accurate and reliable option, it could allow it to be the sole soil moisture sensing method on the
system. This could make the system hardware faster and more robust.
The system is currently controlled using a hand controller, but transitioning control to the
NVIDIA Jetson could have a number of benefits. First, this will likely solve the issue regarding
Dronekit not receiving up-to-date vehicle parameters since the Jetson would be the sole ground
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control station. Not only would this allow VSM and position data to be saved to the same log, but
it would also allow access to current IMU data. Another issue control by the Jetson could solve
is since the rover is controlled solely by the hand controller all data is saved. Running the entire
system from the Jetson would allow users to enter inputs, meaning a user could choose not to save
data from an imperfect insertion or a measurement in the wrong spot.
Furthermore, controlling the system from the Jetson would begin the transition to making this an
autonomous system. Making this system autonomous would allow for experiments to be repeated
more often than would be possible with human control. This will necessitate the installation of
equipment such as more RGB cameras and a LIDAR, along with the development of an autonomy
stack that can handle the pseudo-structured environment of a farm.
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